Long noncoding RNAs (lncRNAs) are a class of functional non-coding transcripts that are longer than 200 nt and regulate gene expression via diverse mechanisms in eukaryotes. In fact, they have emerged as critical epigenetic and transcriptional regulators of autophagy in mammals in response to various stressors. Autophagy not only plays a crucial role in maintaining cellular homeostasis, but it is also essential to immunity, targets intracellular pathogens for degradation, modulates inflammation, and participates in adaptive immune responses. However, the expression profile of lncRNA and its role in regulating autophagy in macrophages have been poorly defined. Here, we used transcriptomic and bioinformatics to analysis LncRNA expression profile during autophagy and functional studies to evaluate the function of the metastasis-associated lung adenocarcinoma transcript-1 (Malat1) lncRNA in macrophages. A total of 1112 putative lncRNAs (240 novel lncRNAs) were identified, including 831 large intergenic, 129 intronic, and 152 anti-sense lncRNA, of which 59 differentially expressed transcripts exhibited a greater than 1.5-fold change under different conditions. The interaction of Malat1 lncRNA with microRNA (mir)-23-3p and lysosomalassociated membrane protein 1 (Lamp1) was found, Malat1 releases inhibition of Lamp1 expression in macrophages through competitive adsorption of mir-23-3p. The results of this study provide a better understanding of lncRNA function in macrophages and a basis for further investigation into the roles and mechanisms of ncRNA in immunology, particularly the functions of Malat1 and mir-23-3p in the pathogenesis of macrophages.
Introduction
Protein-coding sequences only take up a very small fraction (~1.5%) of the human genome. many Non-coding sequences that are once considered as DNA junk are recently found to be essential for gene regulation by the Encyclopedia of DNA Elements project. Also, non-coding RNAs (ncRNAs) have nearly 58,648 different transcripts in humans [1] . Many ncRNAs in the genome play key roles in regulating gene expression at the transcriptional and post-transcriptional levels a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 [2] . These ncRNAs have housekeeping, regulatory, and unknown functional roles [3] . Regulatory ncRNAs are usually classified into small ncRNAs and long ncRNAs (lncRNAs) according to their transcript lengths [4] . LncRNAs are a large class of transcribed RNA molecules of more than 200 nucleotides (nt) in length that lack of protein encoding potential and function [5] . LncRNA can be classified into different subtypes (antisense, intergenic, overlapping, intronic, bidirectional, and processed) according to the position and direction of gene transcription [6] . LncRNAs regulate biological activities through various mechanisms, including signaling [7] , scaffolds [8] , decoys [9] and endogenous competitive RNAs (CeRNA) [10, 11] . In particular, the lncRNA-microRNA (miRNA)-mRNA CeRNA ternary network may play a key role in gene regulation [12] . Numerous studies have indicated that lncRNAs play critical roles in a wide range of biological processes, including cell differentiation and development [13, 14] , X-chromosome inactivation [15] , the development of neurological diseases [16] , cancer progression [17] , and the immune response [18, 19] .
Autophagy is a lysosome-mediated evolutionarily conserved catabolic process in cells that serves to decompose unwanted cytoplasmic content, degenerate organelles and pathogens for high-throughput chemical recycling, and regulate cellular functions under normal and stressed conditions [20] . Similar to macrophages and dendritic cells, autophagy in antigen-presenting cells (APCs) not only acts as a phagocyte, but also plays a crucial role in initial immunity [21] . Increasing evidence on the fundamental role of autophagy in pathogenic microorganisms and cell host interactions has emerged [22] . Macrophages are part of the mononuclear phagocytic system and play crucial roles in the nonspecific immune response through autophagy. Thus, understanding how lncRNA regulates autophagy in macrophages may help to understand pathogen invasion and survival.
Accumulating data have revealed that many aspects of the autophagy process are regulated by lncRNAs [23] [24] [25] . Specifically, one of the mechanisms by which lncRNAs regulate cellular functions is by acting as CeRNA [26, 27] . For example, the autophagy-promoting factor lncRNA regulates autophagy and myocardial infarction by functioning as a CeRNA sponge for mir-188-5p [28] . In addition, the metastasis-associated lung adenocarcinoma transcript-1 (Malat1) lncRNA also functions as a CeRNA to regulate autophagy. MALAT1 is highly conserved lncRNA, which reported as a nuclear-retained in mammals, also known as NEAT2. It has been reported that MALAT1 promotes gene activation or inhibition in a cell type-specific manner by promoting specific chromatin regulators, and it is likely to be used as a scaffold to recruit proteins in the vicinity of nuclear plaques and exert gene regulation. Recently, some studies also have demonstrated that Malat1 interacts with the RNA-binding protein human antigen R, and silencing of Malat1 greatly enhances the post-transcriptional regulation of TIA-1, further inhibiting autophagy [29] . The Malat1 lncRNA is a potent autophagy inducer that protects brain microvascular endothelial cells against oxygen-glucose deprivation/re-oxygenation-induced injury by sponging miR-26b and upregulating the expression of unk-51-like autophagy activating kinase 2 [30] . Moreover, Malat1 activates autophagy and upregulates stathmin, Ras-related protein Rab-5A, and autophagy related 4D expression in glioma through cavernously adsorption of miR-101, promoting cell proliferation [31] . LncRNA Malat1 expression is upregulated in LPS-activated macrophages, while it is downregulated in IL-4 activated macrophages [32] . In summary, Malat1 is involved in cell autophagy, immunology and may play a sponge in the RNA triplet network consisting of lncRNA-miRNA-mRNA.
Macrophages are important APCs and the main cells of the phagocyte system. However, the expression and function of lncRNAs in macrophages during autophagy are still largely unknown. In this study, we focused on determining the expression profiles of lncRNA and mRNA in murine RAW264.7 macrophages treated under different conditions to induce or inhibit autophagy. Among the differentially expressed lncRNAs (DELs), The possible sponge neighboring target genes. We searched for coding genes within 100 kb upstream and downstream of lncRNA to predict putative cis target genes of lncRNA, followed by analysis of the functions of these coding genes to annotate lncRNA. Second, lncRNA and mRNA militate due to the base complementary, so we mainly used lncTar [34] to predict lncRNA targets by calculating the free energy and standardized free energy of mating sites, and below the threshold of the standardized free energy could be deemed as antisense targets of lncRNA. The GO functional and pathway analysis of the putative target genes were performed by using ClueGO. RNA22 and PITA database were used to explore the connection between lncRNA Malat1 and its potential sponge miRNA targets.
Total RNA extraction and qPCR analysis. After stimulating, cells were washed three times with PBS, and 2 ml TriZol reagent (Invitrogen) was added to 6-wells culture plate in each group. RNA extraction followed the manufacturer's instructions (Invitrogen). The RNA quality was checked by NanoDrop ND-2000 (Thermo Fisher Scientific, Waltham, MA, USA), and RNA integrity was assessed by standard electrophoreses in formaldehyde-denatured agarose gel. qPCR was used to confirm the lncRNA, miRNA, and mRNA expression levels. The RAW264.7 cells were treated with RAPA, and the expression levels of eight DELs, Lamp1, and mir-23-3p were measured by qPCR analysis. For lncRNAs, cDNA was synthesized using the Trans Script First-Strand cDNA Synthesis Super Mix Kit (Thermo Fisher Scientific) with random primers at 65˚C for 30 min to degenerate the RNA secondary structure. For miRNAs, cDNA was synthesized using the PrimeScript™ RT reagent Kit (Takara Biotech) with specific primer (mir-23-3p stem loop primers). The qPCR reaction was performed using SYBR Green Gene Expression Master Mix (Applied Biosystems, USA) on the StepOne Plus Real-Time PCR system (Applied Biosystems) following the manufacturer's protocols. Small nuclear RNA (U6) was used for normalization. Glyceraldehyde three-phosphate dehydrogenase (GAPDH) and small nuclear RNA (U6) acted as endogenous controls to normalize the relative gene abundance. qPCR experiments and data analysis were determined using the relative quantification 2 -ΔΔCT method according to MIQE guidelines [35] . All of the primers for qPCR are shown in S3 Table. Vector construction and cell transfection. For luciferase reporter assays, mir-23-3p target genes were predicted using in silico software (TargetScan and miRanda) and Malat1 sponge miRNA was obtained by RNA22 and StarBase. The DNA fragment containing the mir-23-3p MRE and MRE-Mut was amplified through PCR in vitro and the sequence was inserted downstream of the pmirGLO vector (Promega) of the renilla luciferase encoding gene between the restriction sites of Nhe I and Sal I. The cDNA generated from Raw264.7 as template to generate luciferase expression vector of pmirGLO-Lamp1-Wt/Mut or PmirGLO-Malat1-Wt/Mut recombinant plasmid. For autophagy flux monitor and Malat1 overexpression assays, the fusion gene of partial CMV-MCS-mRFP-EGFP-LC3 with double restriction sites, Not I and Sal I was designed, optimized in MCS, codon bias and sensitivity to acid, synthesized through PAS (Zoonbio Biology, China), and then inserted into the PCDH-CMV-MCS-EF1a-CopGFP (SBI) vector between the same restriction sites to construct autophagy flux lentivirus expression plasmid, named PCDH-Duo. Malat1 cDNA was amplified through PCR from PmirGLO-Malat1-Wt plasmids with EcoR I and BamH I restriction site, then sub-cloned into PCDH-Duo to generate PCDH-Duo-Malat1 lentivirus over-expression plasmid. All of the sequences, primers and PCDH-Duo plasmid map are shown in S6 Fig. Transfection of the Raw264.7 cells was performed according to instructions of the Lip3000 and P3000 Transfection Agent (Thermo Fisher Scientific). The mix of Malat1-siRNA and ASO was bought from Riboio (Sheng Zheng, China). Mir-23-3p mimics, inhibitor, and relevant NC or NC-FAM were bought from Gene Pharma (Shanghai, China). All of the vector primer and RNA oligo in this work are shown in S3 Table. Lentivirus production. For Malat1 overexpression, the 600 bp fragment containing mir-23-3p MRE of Malat1 complementary DNA with EcoR I and BamH I restriction sites was subcloned into the PCDH-Duo lentivirus vector (Laboratory construction, information of vector was shown in S6 Fig) and co-transfected with plp1, plp2, and vsv.g into 293FT cells to generate PCDH-Duo-Malat1 lentivirus. PCDH-Duo empty lentivirus construct (Laboratory construction) was used as a negative control for Malat1 overexpression. Lentivirus production was conducted according to the manufacturer's instructions of lip3000.
Dual luciferase report assays. The Raw264.7 cells were cultured in 96-well plates and cotransfected with 50 nM mimics, 100 nM inhibitor or relevant control mir-23-3p (Gene Pharma), and luciferase expression vector carrying wild-type or mutant 3'-UTR of Lamp1, wild-type or mutant Malat1 fragment containing MRE using Lipofectamine 3000 (Invitrogen). At 48 h after transfection, relative renilla luciferase activity was detected using the dual luciferase assay kit (E2910, Promega, Madison, WI) according to the manufacturer's instructions, and the activity of firefly luciferase was the internal reference. The transfection was repeated in three independent experiments.
Immunofluorescence. After cell transfection for 6 h, the slides of Raw264.7 cells were washed with pre-warmed (37˚C) 1× PBS three times, 5 min each. Then, the specimens were fixed in 4% paraformaldehyde (pH 7.5) at room temperature for 30 min. The cells were rinsed three times with 1× PBS for 10 min each. To each group of specimens, 0.2% Triton X-100 was added, followed by incubation at room temperature for 5 min to fully permeate the cell membrane. Then, the cells were rinsed again and blocked at room temperature for 30 min with 5% BSA. After overnight incubation at 4˚C with primary LC3 antibody at a dilution of 1:100 (Proteintech), the cells were incubated with FITC-labeled goat anti-mouse secondary antibodies (Beyotime) at 37˚C for 80 min after washing with PBS containing 0.05% Tween 20 (PBS-T). The cells were then washed again 5 times for 10 min with PBST, and the nuclei were counterstained with DEPI (Beyotime) for 5 min. Then, cells were visualized under a LSCM (Olympus FV-1000, Tokyo, Japan) using FV10-ASW software. At least triple independent experimental group were performed.
RNA-FISH. The Raw264.7 cells were cultured on slides placing in 24-well plates at appropriate density (~6 × 10 4 /well) until 50% convergence reached. The cells were washed with prewarmed (37˚C) 1× PBS three times for 5 min each, fixed in 4% paraformaldehyde at room temperature for 10 min, rinsed again, and incubated with pre-chilled penetrant at 4˚C for 5 min. The permeabilization solution was discarded and the cells were rinsed with PBS three times for 5 min each. Then, 200 μL prehybridization solution was added to each well and incubated at 37˚C for 30 min, after which 2.5 μL of 20 μM Malat1 RNA-FISH probe mix (Riboio) or reference FISH probe Mix (18S/U6, Riboio) was added to 100 μL hybridization solution in each well and incubated overnight at 37˚C. The cells were washed with Hybrid fluid I/II/III successively three times for 5 min each. The nuclei were counterstained with DAPI (Beyotime) for 5 min. Then cells were visualized under an LSCM (FV-1000; Olympus, Tokyo, Japan) using FV10-ASW software. At least triple independent experimental group were performed.
Western blot analysis and WES. Cells were harvested and lysed in RIPA buffer containing protease inhibitors, and the total cell collected. Proteins were separated by 7.5%, 10%, or 15% SDS-polyacrylamide gel electrophoresis and electro transferred to Hybond membranes (Amersham, Munich, Germany). BSA (5%) was used to block membranes for 2 h at room temperature. After blocking, primary antibodies targeting ATG5, P62 (SQSTM1), LAMP1 (1: 1000, Proteintech Group, USA), LC3 (1: 2000, CST, MA, USA), and β-actin (1:5000; Proteintech Group, Chicago, IL, USA) were incubated with the blot overnight at 4˚C. The following day, secondary antibodies were added for 2 h at room temperature after the membrane was washed three times with TBST. Protein was visualized using an enhanced chemiluminescence system according to the manufacturer's protocol (Santa Cruz Biotechnology, California, CA, USA). Furthermore, WES was used to detect LAMP1 expression in the rescue experiment according to the manufacturer protocols (SM-W004-Protein Simple, San Jose, CA) using a 12-230 kDa WES separation module coupled to a 25-capillary cartridge. The WES system is not a typical immunoblot method where qualitative images are quantified to generate data. Rather, chemiluminescence is used to detect and directly quantify the data.
Statistical analysis. Statistical analyses were performed using SPSS 19.0 (SPSS, Chicago, IL, USA) and the R platform. All of the experiments were repeated at least three times. Data are expressed as the mean ± standard deviation (SD). Two-tailed student's t test or one-way analysis of variance was used to analyze the statistical difference between different treatments. P < 0.05 was considered statistically significant.
Results

Systematic identification of lncRNA in Raw264.7 cells
We performed RNA-seq to identify lncRNAs in Raw264.7 cells under different stressors including negative control (NC, dimethyl sulfoxide [DMSO]), 50 nM RAPA 12h, 3 mM 3-MA 6h and amino acid-deprived (starvation [36] ) conditions 6h. After quality control (S1 Table) , the reliable sequencing data as input for downstream identification. To effectively distinguish between protein-coding and non-coding sequences, coding potential filtering was performed according to an integrative techflow and computational pipeline (Fig 1A) . In this way, 1112 lncRNAs were ultimately obtained (Fig 1B) . The fragments per kilobase of transcript per million (FPKM) was used to represent the abundance of lncRNAs. In accordance with a previous report [37] , we observed that the average lncRNA expression level under different conditions was lower than protein-coding gene expression (Fig 1C) . Analysis using computational coding tools showed that noncoding sequences from the unknown transcript had an average CPC score of -1.01 and CPAT score of -0.05 compared with coding sequences, which had scores of 3.09 and 0.06, respectively (Fig 1D) . All of the information on the lncRNAs identified by our pipeline is listed in S2 Table. Characterization of lncRNAs in Raw264.7 cells
For the first time, the characteristics and transcription patterns of Raw264.7 lncRNAs were investigated in our study. A total of 1112 lncRNAs in Raw264.7 cells were identified, including 831 lincRNAs, 129 intronic lncRNAs, and 152 anti-sense lncRNAs (Fig 2A) . Of these lncRNA, 240 were novel, including 158 lincRNAs, 60 intronic lncRNAs, and 22 anti-sense lncRNAs. LincRNAs comprised the major part of total Raw264.7 lncRNAs (75%). Full-length Raw264.7 lncRNA transcripts (median length: 953 nt) were longer than human lncRNA transcripts (median length: 592 nt). Interestingly, almost all of the lincRNA lengths were shorter than 4000 nt, and 90% of intronic RNAs were shorter than 3000 nt in Raw264.7 cells. However, less than 20% of Raw264.7 lincRNAs and anti-sense lncRNAs were shorter than 500 nt. Approximately 75% of the intronic lncRNAs ranged from 500 to 3000 nt, whereas only about 5% of lncRNAs were longer than 3000 nt (Fig 2B) . The exon numbers in different types of lncRNAs of Raw264.7 were compared. LincRNA had 13 exons, intronic lncRNA had 7, and anti-sense lncRNA had 9. Among all of the lncRNAs, 45.97% of lincRNAs, 61.24% of intronic lncRNAs, and 40.13% of anti-sense lncRNAs had two exons. Exon numbers of 2-4 accounted for 90% of all of the exon numbers (average: 90.57%; Fig 2C) . LncRNAs were evenly distributed in each chromosome, and lincRNAs did not show a significant chromosome location preference (Fig 2D) . Properties, such as transcript abundance, lengths, exon number, and open reading frame (ORFs) of lncRNAs and mRNAs in Raw264.7, were also compared under the same conditions (S1 Fig). 
DEG profiling of lncRNAs in macrophages
The lncRNA expression profiles under conditions of RAPA, 3-MA, and STV were compared. In order to improve the accuracy of the screening, based on an FPKM � 0.5, DELs were identified by P � 0.05 using Fisher's exact test, FDR � 0.05, and |log 2 FC| � 1.5 in either of the two groups. Furthermore, compared with the NC group, 62 lncRNAs were differentially expressed in the RAPA group (32 upregulated and 30 downregulated), 65 lncRNAs were differentially expressed in the 3-MA group (43 upregulated and 24 downregulated), and 55 lncRNAs were differentially expressed in the STV group (43 upregulated and 14 downregulated). The number of lncRNAs that were only expressed in one group was 23 in the RAPA group, 22 in the 3-MA group, and 40 in the STV group. The number of lncRNAs expressed in each groups are shown in Fig 3A. In all 1112 lncRNAs, 240 were novel lncRNAs that were responsive to different conditions (S2 Table) , including 158 lncRNAs (65.6%), 60 intronic lncRNAs (24.9%), and 22 antisense lncRNAs (9.5%); 12 were consecutively expressed in all three conditions (RAPA, 3-MA, STV). After strict expression filtering, 59 DELs were screened out (Fig 3B) , including 11 novel and 48 known lncRNAs. Of the 59 DELs, we identified five known lncRNAs by a BLAST search of the lncRNA database and NONCODE database. In particular Malat1 (Neat2) had a huge FPKM (�50) and at least a two FC in the RAPA and STV groups ( Table 1) , which most likely promotes autophagy. The clusters, chromosome distribution, and proportion of lncRNAs under different conditions were analyzed and the results shown there was no chromosome preference of lncRNAs under the different conditions (Fig 3C, Rapa; Fig 3D, 3-MA  and Fig 3E, STV) . More than 90% DELs in Raw264.7 cells were lincRNAs, whereas intronic and anti-sense lncRNA only accounted for a minor percentage (<10%). Hence, lincRNAs were more responsive during autophagy in our research model, while intronic and anti-sense lncRNAs were less affected.
LncRNA targets for pathway analysis
Cis and trans targets were used as input for pathway analysis. DAVID online software was used to analyze the statistical enrichment of DEL target genes in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Based on the results of significantly DEL analysis, different autophagy-responsive pathways were found under different conditions (S2 Table) . In the RAPA group, there were four lncRNA targets involved in the phosphoinositide 3-kinase (PI3K)-Akt pathway (ENSMUSG00000004056, ENSMUSG00000021457, ENSMUSG00000023067, and ENSMUSG 00000025856), two involved in the mammalian target of rapamycin (mTOR) pathway (ENSMUS G00000004056 and ENSMUSG00000028278), and five involved in the tuberculosis pathway (ENSMUSG00000004056, ENSMUSG00000007891, ENSMUSG00000013160, ENSMUSG 00000018819, and ENSMUSG00000021457). In the 3-MA group, ENSMUSG00000033467 was involved in the Janus kinase-signal transducers and activators of transcription signaling pathway, and in the STV group, there were four targets (ENSMUSG00000020248, ENSMUSG 00000021457, ENSMUSG00000039217, and ENSMUSG00000051439) involved in the tuberculosis pathway. Autophagy relative lncRNA-targets pair's datasets shown in Table 2 .
Validation of the transcription levels of eight lncRNAs
To confirm the differential expression of eight lncRNAs under Rapa condition that potentially function in autophagy, qPCR was performed (Fig 4) . The lncRNAs were found to involved in autophagy pathways and were known lncRNAs from this work that included Malat1, Gas5, AI662270, Lnc-IPO7, Lnc-Rragd, TCONS-00031986, TCONS-00039341, and TCONS-00060740. Our qPCR results showed that the relative expression levels of the eight lncRNAs were consistent with those of RNA-seq.
Effects of Malat1 on autophagy in macrophages
Among the lncRNAs selected above, Malat1 has been the most extensively studied in many cancers and may have autophagy-promoting effects. Fluorescent in situ hybridization targeting ribonucleic acid molecules (RNA-FISH) showed that Malat1 was mainly distributed in the cytoplasm (Fig 5A) . Autophagy flux check revealed that overexpression of Malat1 could promote autophagy (Fig 5B and 5E) . Lentivirus-mediated Malat1 overexpression (Fig 5C) and small interfering RNA (siRNA) and antisense oligo (ASO)-mediated Malat1 knockdown ( Fig  5D) were performed in Raw264.7 cells. Furthermore, western blot analysis confirmed that the overexpression of malat1 (pd-Malat1) could promote microtubule-associated protein light chain 3 (LC3) conversion and an increase in LC3 II expression. After the addition of choroquine diphosphate (CQ), the accumulation of LC3 in each group increased, but accumulation of the PD-malat1 group was the most obvious (Fig 5F and 5H) . While knockdown of malat1 expression (Malat1-si), increased the expression of p62, the ratio of LC3 I/II decreased (Fig 5G  and 5J) . Malat1 functions as a CeRNA to regulate autophagy [38] [39] [40] . Furthermore, bioinformatics analysis of chromatin immunoprecipitation (Chip)-seq data suggested that human Malat1 could sponge many autophagy-related miRNAs, such as hsa-mir-23-3p, which had the same miRNA response elements (MREs) in mice, as determined by a BLAST search of the miRBase database of mature miRNA (S2 Fig) . 
Lamp1 is the direct target of mir-23-3p in macrophages
mir-23-3p was selected from the human Malat1 CeRNA network because it was confirmed to affect autophagy in previous reports. Four different miRNA TargetScan software programs with strict parameters were employed to determine the potential targets of mir-23-3p with high confidence, namely TargetScan V7.0 (Only top 100 conserved with a cumulative weighted context ++ score � -0.4), Miranda v2010 (mirsvr_score � -1.0), miRDB V5.0 (score � 80), and DIANA V5.0 (miTG score � 0.80). Consequently, we identified 26 mRNAs as potential targets of mir-23-3p (Fig 6A) . The target of each miRNA was mapped to the protein-protein interaction (PPI) network. The results showed that mir-23-3p might be involved in the PI3K-Akt pathway, and co-expression of Lamp1 and Akt1 was found ( S3 Fig). Lamp1 was chosen from all of the potential targets of mir-23-3p, depending on insilco analysis of candidate target genes and existing reports, as well as several lines of evidence supporting the fact that LAMP1 protein LncRNA expression profile during autophagy and Malat1 function in macrophages plays a key role in the fusion of autophagosome and lysosomes [41] [42] [43] . The mir-23-3p MRE was localized in 115-122 nt (Fig 6B) of Lamp1 3'-UTR. Our dual luciferase reporter assay results suggested that mir-23-3p could directly target Lamp1 3'-UTR (Fig 6C and S4 Fig) . The mRNA expression of Lamp1 was detected by qPCR, and the results indicated that overexpression of mir-23-3p could significantly reduce the expression of Lamp1 in Raw264.7 cells. However, these effects were reversed in the inhibitor group (Fig 6D) . The protein expression of LAMP1 in the cells treated with different concentrations of mir-23-3p mimics was detected by western blotting. The results showed that Lamp1 was significantly downregulated in a concentration-dependent manner (Fig 7C) , and opposite results were obtained with mir-23-3p inhibitors (Fig 7E) .
Mir-23-3p inhibits autophagy in macrophages
The regulatory function of mir-23-3p in autophagy has been reported, but whether it takes part in the autophagy of macrophage cells is still unknown. We first analyzed the expression of the endogenous autophagy marker LC3B in macrophages by immunofluorescence. when mir-23-3p was over-expressed (mimics) in Rapa group in macrophages could down-regulation expression of LC3B and reduced LC3B puncta. Furthermore, LC3B puncta accumulates in the RAPA group treated with mir-23b-23 inhibitor compared to the RAPA group (Fig 7A) , which was verified by autophagy flux analysis. Moreover, autophagy flux results showed that mir-23-3p might regulate late autophagy due to enhanced co-localization of membrane bound red fluorescence protein (mRFP) and enhanced green fluorescent protein (EGFP) signals (Fig 7B) . western blot analysis of macrophages treated with different concentrations of mir-23-3p mimics (Fig 7C and 7D) and inhibitors (Fig 7E and 7F) also showed that the endogenous autophagy markers, including autophagy related 5 (ATG5), p62, and the ratio of LC3 II/I, had a corresponding trend. These results demonstrate that mir-23-3p suppresses autophagy in macrophages. 
Malat1 functions as a decoy of mir-23-3p to regulate Lamp1 expression in macrophages
LncRNA Malat1 has been widely reported to regulate gene expression through the sponge mechanism. Lamp1 mediates the fusion of autophagosome with lysosomes, and is closely related to autophagy and infection immunity. Malat1 LncRNA CeRNA network analysis and mir-23-3p target analysis showed that LncRNA Malat1 may inhibit the autophagy of macrophages by release the inhibition of mir-23-3p on Lamp1 through the CeRNA mechanism. Therefore, whether malat1 promotes macrophage autophagy through CeRNA mechanism is worthy of further study. qPCR was used to analyze the differential expression of Lamp1, mir-23-3p, and Malat1 with treatment of 100 nM RAPA or 3 mM 3-MA, and the results showed that Lamp1 had the same expression trend as Malat1 (Fig 8A) . Expression of mir-23-3p in the control, Malat1-si, Malat1-si+Inhibitor normal control(INC), Malat1-si+inhibitor, or inhibitor groups was detected by qPCR, and the results suggested that Malat1-siRNA had promoted the upregulation of Lamp1 (Fig 8B) . To investigate whether the expression of mir-23-3p was regulated by lncRNA, Diana Tools (http://diana.imis.athena-innovation.gr/), RNA22, and Segal Lab (http://genie.weizmann.ac.il/) were jointly used to predict the lncRNA that might target mir-23-3p. Bioinformatics analysis revealed that Malat1 lncRNA contained a putative 13-merbinding motif within mir-23-3p (Fig 8C) . Malat1 was cloned downstream of the luciferase gene. The construct was named PmirGLO-Malat1-WT/Mut, and it was transfected with mir-23-3p mimics, inhibitor, or corresponding NC. A dual luciferase assay was conducted, and the results indicated that the luciferase activity reduced by~40% when co-transfected with Malat1-Wt and mimics compared with the mimic-NC; however, suppression of luciferase activity was completely abolished in transfected luciferase reporter plasmid of PmirGLO-Malat1-Mut than in wild-type vector of pmirGLO (Fig 8D) . Moreover, as expected, the rescue experiments showed that Malat1 promoted luciferase expression in a mir-23-3p-dependent manner upon transient transfection with the pmirGLO-Malat1-Wt plasmid into Raw264.7 cells (Fig 8E) . We further used Simple Western technology (Protein Simple, USA) to confirm that the interaction between Malat1 and mir-23-3p could regulate the protein expression of LAMP1. The results showed that transient transfection with pmirGLO-Malat1-Wt plasmids significantly elevated Lamp1 expression compared with pmirGLO empty vector (Fig 8F) . Interestingly, while knockdown of malat1 expression (si-Malat1) compared to the si-NC group downregulated the expression of Lamp1, suppression of mir-23-3p by its inhibitor increased lamp1 expression compared to the si-Malat1 with inhibitor NC group ( S5 Fig). In short, autophagy stress can change the lncRNA profiles, including Malat1, which serves as a CeRNA to regulate Lamp1 expression by sponging mir-23-3p in macrophages (Fig 8G) .
Discussion
It has been found that 80% of ncRNAs are lncRNAs, a class of transcripts involved in gene expression and regulatory functions [44] . Unlike miRNA, which has been broadly investigated in autophagy [45] , the functions of most lncRNAs and their potential roles in autophagy are still unclear. High-throughput sequencing provides a convenient and reliable approach for researching ncRNAs at the transcription level [46, 47] . With the development of sequencing technology and bioinformatics, the functions of lncRNAs in many cells and species have been described in previous studies [48] [49] [50] [51] . However, few studies have focused on lncRNAs and their functions in the autophagy of macrophages, which plays a key role in the immune system.
Cell autophagy is precisely controlled and is highly regulated by multiple signaling pathways, orchestrated by more than 30 autophagy-related proteins organized in several functional units and many other proteins that regulate ncRNAs, including miRNAs and lncRNAs. New evidence has indicated that lncRNAs are emerging as critical regulators of autophagy and the immune process at the epigenetic and transcriptional levels in mammals in response to different stressors. Macrophages are linchpins of innate immunity, responding to invading microorganisms by initiating coordinated inflammatory and antimicrobial programs. Autophagy is a powerful weapon that macrophage cells use to defend against pathogenic microorganism infection, but its regulation in macrophages by lncRNAs is poorly defined. Here, through transcriptomic, bioinformatics, and functional studies, we focused on the specific DEL malat1. Systematic information about this lncRNA was acquired and the interaction between Malat1--mir-23-3p-Lamp1 was found, suggesting that through the competitive adsorption of mir-23-3p, Malat1 releases inhibition of Lamp1 and promotes autophagy in macrophages. These data provide a better understanding of lncRNA function in macrophages as well as a basis for further investigation into the roles and mechanisms of lncRNAs, especially Lnc-Malat1, in the pathogenesis of macrophages.
There have been few studies on the regulation of macrophage autophagy by lncRNAs. Mao et al. [52] suggested that lncRNAs may be important regulators of the lipolysaccharideinduced innate immune response in bone marrow-derived macrophages. For example, downregulation of maternally expressed 3 lncRNA eliminates mycobacteria in macrophages via autophagy [53] . Some studies have used microarrays to demonstrate that there is substantial abnormal lincRNA and mRNA expression profiles in response to pathogenic microorganisms in monocyte-derived human macrophages infected with human immunodeficiency virus or Mycobacterium tuberculosis [54] . LncRNAs are known to be involved in regulating autophagy, but sufficient data are lacking regarding their expression profile and role in autophagy in macrophages; thus, additional studies are needed to identify and clarify their roles and potential mechanisms.
In this study, RNA-Seq data were used to identify all of the potential transcripts, followed by computational analysis to determine putative lncRNAs under different autophagy stressors in Raw264.7 cells. A total of 94761 transcripts were reconstructed from the data. In comparison with 27099 transcripts (based on ESEMBL GTF file for Mouse), the number of identified transcripts, by assembled transcriptome, increased two-fold (Log 2 FC � 2,94761) due to both novel isoforms of known genes as well as new genes. In total, 26282 of 94761 transcripts were predicted to be unknown transcripts and analyzed to identify putative lncRNA using credible computational methods. Finally, we obtained 1112 putative lncRNAs, including 831 large intergenic, 129 intronic, and 152 anti-sense lncRNA, in which 59 differentially expressed transcripts exhibited more than a 1.5-FC under different conditions. A total of 240 novel lncRNA sequences were found in macrophages in this work, and 8 were confirmed by qPCR in Rapa conditions.
The differential expression of lncRNA in cells can be induced by pathogens and may regulate the host response to pathogens [55] . A growing body of literature has reported the specific involvement of lncRNAs in the host cell response towards bacterial infections [56] . Viruses can hijack a host lncRNA to replicate [57] . Increasing evidence suggests that lncRNAs may regulate toll-like receptor signaling and innate immunity in APCs including macrophages [58] . However, the lncRNA profile in macrophages is still large unknown. In this study, we identified 271 novel lncRNAs in a macrophage autophagy model. Among them, there were 67 DELs in the RAPA treatment group, 37 of which were upregulated and 9 that were downregulated. Analysis of the lncRNA cis and trans target pathways showed that DELs acted as key regulators of pathways, such as the PI3K-Akt, mTOR and HIF-1α pathway. We also acquired a series of autophagy-related lncRNA-target interaction pairs for further studies.
One of the eight confirmed DELs, a newly identified functional lincRNA named Malat1, also known as a Neat2, has been recently studied in many fields. LncRNA Malat1 is a large, infrequently spliced ncRNA that is highly conserved in mammalian evolution and widely expressed in many tissues among primates, with a homology of up to 90% between human and Mus musculus at the 3' end of the nucleotide sequence of 5 kb, suggesting that Malat1 plays an important role in the evolution process. The full sequence of Malat1 has a 4 highly homologous region in human and Mus musculus, suggesting that these regions are most likely functional regions of Malat1 [59, 60] . LncRNA Malat1 plays a role in multiple physiological processes, such as alternative splicing, nuclear organization, and epigenetic modulation of gene expression, and it is also closely related to various pathological processes ranging from diabetes complications to cancer. It has been reported that Malat1 can directly interact with a variety of important transcription factors to regulate gene expression, including SRSF1-3, JUN, DND1, BAF57, HuR and YAP [60] . At the same time, it was also reported that LncRNA Malat1 expression is regulated by Ago2, but the detailed mechanism of action is unknown. Recently, LncRNA Malat1 also positively regulates cell motility via the transcriptional and/or post-transcriptional regulation of motility-related genes [61] , and modulates many genes through the sponge mechanism via different miRNAs in cancer, indicating its ability to regulate gene expression in cytoplasm [62, 63] . Malat1 has been extensively studied in pan-cancer and is reportedly an anti-oncogene, but its autophagy function in macrophage has rarely been reported.
Recently, existing research has specified that Malat1 regulates autophagy through the sponge of mir-23-3p, which targets HMGB2 and ATG12 in gastric cancer [64] . In these studies, Malat1 promoted autophagy in Raw264.7 cells. Malat1 responded to RAPA stimulation, and was involved in the PI3K-Akt pathway in autophagy in macrophages. Interestingly, our unpublished RNA-seq data also showed that Malat1 was significantly upregulated in macrophages infected with BacillusCalmette-Guerin (BCG) at 12 h compared to NC (data not published). To summarize, the information suggests that Malat1 may play a crucial role in macrophages. Overexpression of Mala1 promoted macrophage autophagy protein marker expression and autophagy flux, but blocked Malat1 inhibition of autophagy. These results suggest that Malat1 promotes autophagy in macrophages.
Until recently, supported lncRNAs could modulate broadly biological functions through a variety of interactions between RNA-protein, RNA-DNA, or RNA-RNA. Among them, CeRNA mechanisms were the most frequently reported. LncRNAs and miRNAs and protein complexes can associate with each other and regulate gene expression through post-transcriptional regulation. miRNAs and lncRNAs mediate dynamic regulation of gene expression, and the ternary regulatory relationship of miRNA-lncRNA-mRNA expands the central principle of genetic information and is increasingly being studied by researchers. Malat1 functions as a sponge to regulate gene expression in many studies; however, whether malat1 functions as a CeRNA and its new sponge miRNA and new targets are important research questions in macrophage.
In exploring the potential mechanism of Malat1, human ChIP-seq data from SatrBase V4 and autophagy background genes were used to construct the Malat1 autophagy CeRNA network at first. As a result, we have obtained a better understanding of the possible functioning mode of Malat1 in autophagy process. Malat1-miRNA was picked out from human autophagy CeRNA network to further analysis in study. Next, RNA22 software was used to explore its interaction in mouse Malat1 sequence.
We found that Malat1 may be as decoy of mmu-mir-23a/b-3p, and interaction between malat1 and mir-23-3p has been confirmed in gastric cancers cells through RIP experiments [39, 64] . Collectively, our work focuses on discovering new targets of mir-23-3p could involve in the autophagy process in macrophages. Bioinformatics analysis was performed to explore the potential targets of mir- 23-3p . The related miRNAs of mir-23-3p were predicted using miRanda, TargetScan, miRDB, and DIANA databases. The minimum free energy, seed region, and miRNA recognition elements of miRNA-mRNA duplexes were calculated to choose superior candidates [40] . We found 26 mRNA may be the targets of mir-23-3p, including Lamp1, ATG12, HMGB2, ORMDL1, and CTCF. ATG12 and HMGB2 have already been reported to be involved in autophagy. We further searched for targets of mir-23-3p through document mining, and a related PPI network was constructed by STRING (https://string-db.org/cgi/input. pl). The results showed that mir-23-3p may be involved in the PI3K-Akt pathway. Lamp1 was selected as a superior candidate according to gene function and human Malat1 CeRNA network. The dual luciferase reporter assay and western blotting were used to further verify the interaction between mir-23-3p and Lamp1. The results showed that mir-23-3p mimics significantly reduced the luciferase activity and expression of Lamp1 to different levels compared with the mimic-NC group. After confirming the interaction, we found that mir-23-3p could alternate autophagy level in macrophages. With the results of immunofluorescence, autophagy flux, and western blotting, we proved mir-23-3p inhibitor autophagy through targets Lamp1 in macrophage. Ultimately, the expression of Malat1, Lamp1, and mir-23-3p was examined through qPCR, and we found that Malat1 had the same expression trend as Lamp1 but the opposite expression trend as mir- 23-3p . Based on the dual luciferase reporter assay and rescue experiment, the interaction between Malat1 and mir-23-3p was confirmed, and overexpressed malat1 promoted Lamp1 expression through WES. malat1-mir-23-3p-Lamp1 regulation axis in autophagy in macrophage was confirmed. We found malat1 responds to different autophagy stress and exhibited the capacity of sponge mir-23-3p, which can regulate a new crucial autophagy relative target Lamp1, and it took part in autophagy lysosome formation. Combined with literature analysis and pathway analysis of mir-23-3p, shown it may have the crucial role to regulate autophagy in macrophage through broadly affects some key genes, including Lamp1, ATG12, HMGB2, and AKT1/2. As far as we know, there is no report about the sponge regulation between Malat1, mir-23-3p, and Lamp1 in autophagy in macrophage currently.
The phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin (PI3K/AKT/ mTOR) axis is a key pathway implicated in regulating autophagy. Studies have indicated that Malat1 can regulate autophagy through the PI3K/Akt pathway. Li X et al [65] reported that Malat1 knockdown markedly suppressed autophagy by inhibited PI3K, Akt and p70S6K phosphorylation in HUVECs cell lines. But the mechanism of 3-MA and Malat1 0 s regulation of PI3K/AKT pathway on the autophagy process in Raw264.7 was uncertain.
3-Methyladenine (3-MA) blocks autophagy by inhibiting PI3K, and PI3K activity is essential for nucleation and assembly of early membrane pools in autophagosome formation. Malat1 ceRNA network analysis indicated that Malat1 can bind to mir-23-3p and participate in PI3K-AKT signaling pathway to regulate macrophage autophagy. The detection of 3-MA at mRNA level inhibited the expression of Malat1, which may be due to the action of 3-MA on the early stage of autophagy, and the negative feedback mechanism after the inhibition of PI3K-AKT signaling pathway reduced the expression of Malat1, increasing the expression of mir-23-3p further inhibits the PI3K-AKT signaling pathway, but this requires further experimental evidence.
In brief, we obtained a detailed lncRNA profile and autophagy-related lncRNA-mRNA pairs with different autophagy stressors in macrophages. Our results strongly suggest that Malat1 functions as a CeRNA to regulate Lamp1 expression by sponging mir-23-3p in macrophages. In this Malat1-mir-23-3p-Lamp1 axis, Malat1 releases inhibition of Lamp1 and may promote autophagy in macrophages. These results provide a basis for further investigation of the roles and mechanisms of lncRNA, especially Malat1, in the pathogenesis of macrophages and the immune system. Table. RNA-seq quality control (QC) files. 
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